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We demonstrate that waveguiding is possible in substrate supported and freestanding films of
insoluble conjugated polymers. Photoresist gratings were used to couple 1.06-1.53 ym radiation
into the waveguides allowing the refractive indices, the birefringence, and the linear losses to be
measured.
Nonlinear optical interactions in waveguides such as
all optical switching have attracted interest in the last few
years. Various classes of materials have been investigated
for that purpose.’ Of these, polymeric materials are very
attractive because they can be tailored by chemists to improve desired properties such as large xC3’values, material
processability into waveguides, low linear losses, and a relatively high refractive index n which assures good field
confinement in the waveguide.’ Processability of polymers
for waveguide applications means the manufacturing of
thin films of high optical quality with a homogeneous
thickness, usually by spincoating out of solution.3 However
many of the most nonlinear polmers, for example poly (pphenylene benzobisthiozole) (PBZT) are not soluble in
common solvents.4’5 Although it has been shown that
waveguides can be made from single-crystal PTS, it is commonly believed by researchers in the field that such insoluble conjugated polymers will not be useful for nonlinear
waveguiding due to large scattering and absorption losses,
as well as the difficulty in making waveguides out of them.6
In this letter we show that waveguides can indeed be made
from insoluble polymers, and that the waveguide losses,
although still high on these initial films, are promising.
In this work we used two different techniques to fabricate thin films of insoluble polymers: by extrusion’ and
by complexation mediated processing.7-g Films made by
these methods can either be supported by a substrate resulting in the usual slab waveguide structures, or can be
freestanding, yielding a waveguide with no thickness cutoff
for the TE, mode.” Waveguide coupling into these
waveguides can be achieved with gratings ion milled into
the substrate prior to film deposition, or by fabricating
photoresist gratings on top of the film.
Both
pure
poly ( p-phenylene
benzobithiozole)
“Current address: Chemistry and Atmospheric Science, Air Force Office
of Scientific Research, Bolling Aii Force Base, Washington DC 203326448.
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(PBZT) as well as mixed 50:50 with nylon (50:50) was
extruded into foils and stretched onto plastic rings (diameter around 20 mm).7 For the substrate supported
waveguides the ring was subsequently filled with a transparent epoxy material (n= 1.564 at 632.8 nm). For fabricating coupling gratings on top of the waveguides, a 200
nm thick layer of positive photoresist was spincoated at
3000 RPM and then dried at room temperature for 2-3
days. Exposing the photoresist film to a holographic grating pattern (A= 1000 nm), chemically developing the photoresist and finally removing all remaining photoresist by
exposing the rest of the sample with near-W radiation
provides a waveguide with a photoresist grating on t0p.t’
PBZT
poly[2,2’-( 1,4-phenylene)-6,6’bis(4and
phenylquinoline)]
(PPPQ) were used to make waveguide
samples. They were spincoated from a solution of their
complexes onto a fused silica substrate into which a grating
had been previously ion milled.8-‘0 After spinning, further
chemical treatment of the samples by washing in water or
methanol removed the complexed groups from the film to
achieve a pure insoluble PBZT or PPPQ waveguide.
PPPQ, starting again as a complex in solution, was
also fabricated into a freestanding film cast in a supporting
frame. Additional treatment to remove the complexes was
also used here.g A photoresist grating was fabricated on
top by the same methods described above.
All samples were used as slab waveguides without any
further confinement in the lateral dimension. The experimental setup for waveguide coupling is described elsewhere. ” In this study both incident light polarizations, s
and p, were used to couple into TE and TM modes, respectively, at 1.064, 1.319, and 1.535 pm (Amoco lasers). The
losses were measured by imaging the streak with an IR
sensitive camera onto a video monitor. With the help of a
computer controlled frame grabber system, the intensity
profile along the streak was measured and fitted to an exponential decay providing the losses in dB/cm.
It was very easy to grating couple both s- and
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FIG. 1. Mode profile (transmission through the waveguide vs incidence
angle) for a freestanding PBZT film at /1= 1.064 pm.

p-polarized radiation into all of the waveguide samples using photoresist gratings. The coupling efficiency was not
measured directly, but was comparable to the typical l%10% efficiencies obtained for coupling via ion-milled gratings. This was deduced by comparing the coupling dips for
both types of gratings. Shown in Fig. 1 is a typical mode
profile (transmission through the film versus incidence angle) at il= 1.064 pm for an extruded freestanding waveguide of PBZT with a photoresist grating as a coupler. It
exhibits the sharp and deep coupling dips associated with
substrate gratings.12 To the best of our knowledge, this is
the first demonstration of mode excitation in freestanding
waveguide films.
Several guided modes were observed at the three wavelengths used and propagation streaks of a few mm up to
about a cm in length could clearly be seen with the IR
viewer in all waveguides, except the spincoated PBZT film.
However, grating coupling dips were also observed for this
sample, but the losses were so high that no streak could be
identified, and therefore no losses were measured. The refractive indices and losses for the substrate supported samples are summarized in Table I and for the freestanding
guides in Table II. The refractive indices deduced for the
extruded PBZT sample with the epoxy substrate contains
some uncertainty because the index dispersion is not
known for the substrate material. For al calculations, the
value at 632.8 nm was used.
Figure 2 shows the longest streak found in any of the
samples: PBZT extruded, freestanding studied at 1.3 pm

with a measured loss of 12.8 dB/cm. In general, the losses
increased with increasing mode number for TE as well as
TM modes. In most cases the TM modes were less lossy
than the TE modes of the same mode number. The spin
coated PPPQ~film was the glossiest waveguide studied.
We have found that extruded PBZT foils, both substrate supported and freestanding can be used as
waveguides. Casting and spincoating conjugated polymer
films out of complexation mediated solutions also led to
waveguiding films. Grating coupling through a photoresist
grating on top of the waveguide material showed good
performance and should be a useful approach for cases
where prism coupling, bleaching a grating structure into
the material, or the end fire coupling does not work.
In all the samples, the refractive indices decreased with
increasing wavelength, that is, as the wavelength separation from the absorption bands in the visible and ultraviolet increased. The birefringence, the difference between the
TE and TM polarized refractive indices, was dependent on
the sample preparation. Small differences in the birefringence were found in samples made by the three different
methods. The largest birefringences were found for the extruded film of pure PBZT (An = 0.169) and the spincoated
PPPQ film (An = 0.18). A lower value was found for the
extruded PBZT/nylon mixture (An=0.141)
and the cast
PPPQ sample (An =O. 138). The spincoated PBZT film
exhibits the lowest birefingence of An=0.063.
The reason for this behavior lies in the fabrication process itself. The extrusion process leads to strong directional
orientation of the molecules which tend to follow the applied stress and get partial alignment along the extrusion

TABLE I. Substrate supported films.
Thickness

Wavelength

Material

Method

luml

bml

PBZT

extruded

2.87

PBZT
PPPQ

spincoated
spincoated

2.0
1.0

1.064
1.319
1.064
1.064
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Losses [dB/cm]
min-max
-7.815
1.742
1.743

1.629
1.627
1.679
1.563

Mittler-Neher

29.8-58.9
15.7-31.0
no streak
21.4-42.2

et a/.

116

TABLE

II. Freestanding films.
Thickness

Wavelength

Material

Method

bml

[Ilml

PBZT

extruded

2.50

PPPQ

cast

5.4

extruded

1.6

1.064
1.319
1.535
1.064
1.319
1.535
1.064
1.319
1.535

PBZT/nylon

direction. In the spincoating process the molecules are oriented by the substrate surface, the spinning stress, and in
our case also by the volume shrinkage which occurs during
removal of the complexes. These factors contribute different amounts for different materials as evidence by the difference between the PPPQ and PBZT samples and prior
work on polyimides.13 The cast films are influenced only by
the surface without any stress or volume shrinkage.
This difference in birefringence induced in the same
material by different preparation methods [e.g., PPPQ at
1.064 pm: 0.18 (spun) to 0.138 (cast)] may offer some flexibility for device construction depending on whether a homogeneous or inhomogeneous refractive index is needed.
As indicated in the tables, we found a large variation in
the waveguide losses in any given sample. In many cases,
inclusions, bubbles, domains, etc. were visible to the eye
and coupling into such regions produced very large losses.
Furthermore, we found that the losses had a very strong
dependence on the mode number and wavelength. For
thick films which support many modes, the higher modes
exhibited the largest losses found in the tables. The inverse
holds for longer wavelengths: with increasing wavelength
fewer modes propagate and the maximum loss drops. In
general the lowest measured losses decrease from 1.06 to
1.3 pm, but rise again for 1.5 ,um, probably because overtones of vibrational modes start to become important at
this wavelength, leading to additional linear absorption.
The measured losses of these new waveguides made
from insoluble conjugated polymers are still too high for
device applications. However, at this stage it is surprising
that modes can be excited at all in guides made from these
materials and by these techniques. Further refinement of
the fabrication techniques should lead to substantially
lower losses. The mixture of PBZT with nylon gives the
foils a slightly rubbery texture and seems to yield a better
stretched film, resulting in overall lower losses for the
lower modes. This is in good agreement with the observations of Mehta et al. who found that films of PBZT/nylon
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Losses [dB/cm]
min-max
1.811
1.791
1.788
1.775
1:727
1.702
1.760
1.748
1.650

1.642
1.628
1.623
1.637
1.594
1.588
1.619
1.619
1.613

24.1-56.8
12.8-43.9
15.7-58.1
22.4-57.8
27.3-53.9
28.6-66.5
15.5-87.3
15.7-51.6
18.8-35.8

mixtures had a better optical film quality than pure PBZT
films.’
We have demonstrated waveguiding in the 1.0-1.5 pm
wavelength range in insoluble conjugated polymer films.
Substrate supported and freestanding films made by various preparation methods yielded different film structures.
Photoresist coupling gratings were successfully used to
couple light into these waveguides and characterize their
optical properties. Large birefringence was found. Waveguide losses are larger than 10 dB/cm, and depend on the
fabrication technique and wavelength. Minimum losses
were observed at 1.3 pm.
The authors acknowledge the National Science Foundation and the Air Force Office for Scientific Research for
financial support, and thank J. Ross for fabricating the
gratings.
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